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Introduction
Previous reports have shown that tumor develops and progresses through tumor migration/invasion and that the ability to digest the extracellular matrix is a crucial step in tumor progression as a part of tumor invasion (Westermarck and Kahari, 1999; Freije et al., 2003) . Matrix metalloproteinases (MMPs), a zinc-dependent endopeptidase family, are responsible for degradation of various components of the extracellular matrix. MMPs consist of at least 26 kinds of MMPs which are classified on the basis of their substrate specificity, and especially MMP-2 (gelatinase A) and MMP-9 (gelatinase B) prefer to degrade components of the basement membrane (Westermarck and Kahari, 1999; Freije et al., 2003; Cohen et al., 2006) . MMP-9 is expressed at the transcriptional level via multiple signaling transduction pathways and is secreted as an inactive precursor form, proMMP-9. Activity of MMP-9 occurs through proteolytic processes by other proteases or autocatalysis (Dechow et al., 2004; Freitas et al., 2007) .
STATs (signal transducers and activators of transcription) are cytoplasmic transcription factors which transmit signals to the nucleus and regulate gene expression by binding to the specific target sequence (Joung et al., 2005; Kim et al., 2006a; Yu et al., 2007) . Many studies have demonstrated that STAT3 is aberrantly activated in a wide variety of cancers and contributes to cancer progression by upregulating oncogenes such as MMP-9 (Page et al., 2000; Wei et al., 2003) . These facts imply that STAT3 inhibition leads to reduction of MMP-9 expression, and consequently suppresses tumor progression.
The present study was attempted to determine whether LYR71, a derivative of alpha-viniferin, which is a trimer of resveratrol, blocks tumor progression by inhibiting STAT3-mediated MMP-9 expression in vivo and in vitro.
Materials and Methods

Cell culture
The human breast cancer cell line, MDA-MB-231 cell, was purchased from the American Culture Collection and maintained in RPMI containing 10% FBS.
Western blot analysis
Cells were incubated with RANTES in the presence or absence of LYR71. After harvesting, the cells were washed with ice-cold PBS and lysed. Proteins were prepared and loaded onto SDS-PAGE gels, and the gel was then transferred onto a nitrocellulose membrane. The membranes were incubated with the primary antibody and washed. The membranes were then incubated with the peroxidase-conjugated secondary antibody (Santa Cruse Biotechnology, CA), washed and visualized using the ECL system (Amershem, Piscataway, NJ).
RT-PCR
RNA extraction and RT-PCR were performed as previously described (Kim et al., 2006b) . The sequences of MMP-9 primers were 5'-GGCCCT-TCTACGGCCACT-3' for forward and 5'-CAGAGA-ATCGCCAGTACTT-3' for reverse, and GADPH primers were 5'-CCATGGAGAAGGCTGGGG-3' for forward and 5'-CAAAGTTGTCATGGATGACC-3' for reverse.
Zymography
The conditioned media of MDA-MB-231 cells were collected and concentrated using a centricon Y-30 (Millipore, Bedford, MA). All conditioned media were mixed with the SDS sample buffer which did not contain β-mercaptorthanol and loaded onto SDS-PAGE gels containing 0.2% gelatin. After running, the gels were washed in 2.5% Triton X-100 twice, rinsed in 1× developing buffer (50 mM Tris-HCl (pH 7.6), 0.2 M NaCl, 5 mM CaCl 2 and 0.02% Brij 35), and incubated in 1× developing buffer at 37 o C for 24 h. The gels were washed in double distilled water, stained with coomassie blue and destained with double distilled water. Areas of MMP activity were shown as clear bands on the dark blue background.
Chromatin immunoprecipitation assay
Chromatin Immunoprecipitation (ChIP) assay was described in a previous report (Ye et al., 2001) . Briefly, MDA-MB-231 cells were treated with RANTES in the presence or absence of LYR71, and the cells were then fixed with formaldehyde. Soluble chromatin samples were immunoprecipitated with antibodies against p-STAT3, p300, Ac-H3 or Ac-H4. Isolated DNA was amplified by PCR. The sequences of promoter-specific primer were 5'-TTGGGGAGGATATCTGACCT-3' for sense and 5'-GGTAGGGTTTTGCAAACTGC-3' for antisense.
Matrigel invasion assay
Matrigel invasion assay was conducted with an 8.0-μm porous polycarbonate filter (3422, Corning Costa, Cambridge, MA) and Matrigel Basement Membrane Matrix (354234, BD Biosciences, Bedford, MA). Matrigel (10 mg/ml) was coated on the upper side of the filter, and collagen was coated on the lower side of the filter. The upper chamber was filled with cells in serum-free medium, and the lower chamber was filled with 5% FBS-containing medium. After incubation with RANTES in the presence or absence of LYR71, the invaded cells were fixed and stained with hematoxylin and eosin. The filters were separated from the chambers, soaked into xylen and then mounted.
Immunohistochemistry
Immunohistochemistry was performed as previously described (Jung et al., 2007) . Briefly, sections were deparaffinized and rehydrated, and antigens were retrieved by heating in sodium citrate buffer. The sections were blocked in blocking solution and incubated overnight with antibodies against p-STAT3 or MMP-9. The sections were then washed and incubated with biotinylated secondary antibodies, followed by incubation with the avidin-biotin-horseradish peroxidase complex. The sections were visualized with diaminobenzidine.
Xenograft
Four-week female nude mice (BALB/c-nu) were obtained (Central Lab, Animal Inc, Seoul, Korea) and housed under specific pathogen-free conditions. All experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at the College of Medicine, Seoul National University, Korea. MDA-MB-231 cells (5 × 10 6 cells) were subcutaneously inoculated with cold liquid matrigel (10 mg/ml) in the flank of the nude mice. LYR71 was injected at a dose of 20 mg/kg or 40 mg/kg every 3 days for 30 days from the 13th day after inoculation. The tumor growth rate was measured using an electronic caliper every 6 days, and the tumor weight was calculated using the following equation: tumor weight (g) = {length (cm) × [width (cm)] 2 } × 0.5 (Simpson-Herren and Lloyd, 1970) .
MTT assay
MDA-MB-231 cells were incubated with LYR71 at concentrations of 5, 10, 20, 40, and 80 μM for various times then 20 μl of 5 mg/ml MTT (3-[4,5-dimethylthiazol-2-yl].-2,5-diphenylterazolium bromide) solution was added to each well (0.5 mg/well). After incubating for 4 h, the formazan crystals in each well were dissolved in 100 μl of DMSO. A 540 was read on a scanning multi-well spectrophotometer (Molecular Device Co., Sunnyvale, CA).
Statistical analysis
The data were presented as mean ±SEM. Statistical analyses were performed using Statview statistic software (SAS Institute, Cary, NC). Comparisons were made using the Duncan's post hoc analysis. Differences with a P value of ＜ 0.05 were considered to be statistically significant.
Results
LYR71 inhibits the STAT3 phosphorylation in MDA-MB-231 cells
In our recent data, LYR71 inhibits inflammatory signal pathway in IFN-γ stimulated murine macrophages RAW 264.7 and human monocytes THP-1 cell lines. These effects were due to inhibition of NF-κB signaling but not PI3K-AKT pathway (unpublished data). LYR71 may has a wide spectrum of biological effects, e.g. antioxidant activity and anti-inflammatory properties (data not shown), which are similar to the effects of some anticancer agents. Although its mode of action was not elucidated, these facts led us to hypothesize that LYR71 has a potential role as an anti-cancer agent that act by inhibiting STAT3 signaling which is crucial for tumor-cell proliferation and survival, tumor angiogenesis and invasion/metastasis. To test this, we first evaluated whether LYR71 downregulates STAT3 phosphorylation as an anticancer effect ( Figure 1B ). MDA-MB-231 cells were exposed to LYR71 of various concentrations for 3 h and the phosphorylation state in tyrosin-705 of STAT3 was analyzed by western blot analysis using tyrosine phosphorylation antibody of STAT3. As shown in Figure 1B , LYR71 suppressed STAT3 tyrosine phosphorylation in MDA-MB-231 cells in a dosedependent manner. LYR71 has STAT3 inhibiting effect with an IC50 of 20 μM. In addition, to rule out the possibility that cytotoxic effects of LYR71 has affected the STAT3 inactivation, we used the MTT assay to evaluate cell viabilities after treating LYR71 at 5-80 μM for 24, 48 and 72 h. As shown in Figure 1C , LYR71 did not have any specific toxicity effects at 20 μM LYR71 for 24 h incubation. Thus, 20 μM LYR71-treated MDA-MB-231 cells were prepared and examined. Also, after confirming the biological effects, a toxicological study of LYR71 should be performed.
LYR71 has an anticancer effect on xenografted tumors
We investigated whether LYR71 inhibits tumor growth in vivo ( Figure 1A) . MDA-MB-231 cells and an equal volume of cold liquid matrigel (10 mg/ml) were subcutaneously inoculated in the flank of 4-week female nude mice (BALB/c-nu). Mice bearing MDA-MB-231 cells were randomly assigned to one of 3 groups. The first group (n = 3) received the vehicle (PBS) as the control group, the second group (n = 3) received 20 mg/kg of LYR71 and the third group (n = 3) received 40 mg/kg of LYR71 every 3 days for 2 weeks from the 11th day after inoculation. The tumor growth rate was measured using an electronic caliper and the tumor weight was calculated as previously described in Materials and Methods. As shown in Figure 2A , PBS treatment did not affect tumor growth, while LYR71 treatment significantly suppressed tumor growth in tumor-bearing mice. To determine how LYR71 suppresses tumor progression, we investigated STAT3 phosphorylation because STAT3 inhibitors are regarded as anticancer drugs on the basis of their The migration/invasion assay was performed using a 24-well transwell chamber with an 8.0-μm porous polycarbonate filter. Cells were seeded onto the upper chamber and incubated with RANTES (25 ng/ml) for 24 h in the presence or absence of LYR71 (20 μM). (A) For migration assay, both the upper and lower chambers were filled with serum-free medium without matrigel coating. (B) For invasion assay, the upper chamber was coated with matrigel and 5% FBS was supplied for the lower chamber as a chemoattractant. The number of migrated/invaded cells was counted and presented (*P ＜ 0.0001 Con vs. RANTES; # P ＜ 0.0001 RANTES vs. RANTES with LYR71 using post hoc analysis with the Duncan's test). (C) Conditioned medium was obtained under the same condition as tumor migration/invasion assay. Medium was concentrated, and Western blotting (upper panel) and zymography (lower panel) were performed to measure expression and activity of MMP-9. oncogenic effects (Wei et al., 2003; Jing and Tweardy, 2005; Leeman et al., 2006; Jung et al., 2007) . Consistent with the results of tumor growth, p-STAT3 immunoreactive cells were observed in the tumors of PBS-treated mice, but they were markedly reduced in the tumors of LYR71-treated mice, indicating that STAT3 is key modulator in tumorigenesis ( Figure 2B ). As tumor migration/ invasion is a main cause for tumor progression (Freije et al., 2003) , we hypothesized that LYR71 inhibits tumor migration/invasion. To answer this hypothesis, we investigated the expression of MMP-9, a key molecule of tumor invasion. As shown in Figure 2C , MMP-9-immunoreactive cells Figure 4 . LYR71 inhibits RANTES-induced STAT3 phosphorylation which directly regulates MMP-9 expression and activity. (A) MDA-MB-231 cells were pretreated with LYR71 (20 μM) for 15 min and incubated with RANTES (25 ng/ml) for 3 h. Total protein was extracted and the STAT3 phosphorylation level was analyzed using western blotting. β-actin was used as a loading control. (B) To examine the relation between STAT3 and MMP-9, CA STAT3 and DN STAT3 were transiently transfected into MDA-MB-231 cells. Western blotting was performed to measure the expression level of MMP-9 (upper panel) and zymography was performed to determine the activity of MMP-9 (middle panel) with a conditioned medium. Transcription level of MMP-9 was determined using RT-PCR (lower panel). (C) Total RNA was extracted and cDNA was prepared. To examine the inhibitory effect of LYR71 on MMP-9 transcripts, RT-PCR was performed. GAPDH was indicated as a control (upper panel) . Changes in the MMP-9 promoter structure were determined using ChIP assay. Cells were incubated with RANTES (25 ng/ml) or LYR71 (20 μM). The cells were then fixed and chromatin samples were prepared and immunoprecipitated with antibodies against p-STAT3, p300, Ac-H3 or Ac-H4. Purified DNA was amplified by PCR using MMP-9 promoter-specific primers (lower panel). (D) The diagram of LYR action. LYR inhibits RANTES-induced phosphorylation of STAT3, and in turn suppresses expression of were significantly smaller in the second and third group than in the first group, suggesting that LYR71 suppresses tumor progression through inhibition of tumor migration/invasion.
LYR71 inhibits migration and invasion of breast cancer cells
Since MMP-9 is a main molecule for tumor migration/invasion and highly expressed in response to RANTES (Azenshtein et al., 2002; Van Kempen and Coussens, 2002; Freije et al., 2003) , we investigated whether LYR71 would inhibit RANTESinduced tumor migration/invasion. Cells were prepared in serum-free medium in the upper chamber and treated with RANTES in the presence or absence of LYR71. RANTES enhanced cell migration but LYR71 inhibited RANTES-induced cell migration ( Figure 3A ). In concert with cell migration assay, we tested cell invasion assay. Because cell invasion assay uses chemoattractant property, the cells were prepared with serum-free medium in the upper chamber, and medium containing 5% FBS were provided in the lower chamber. As shown in Figure 3B , LYR71 reduced RANTES-induced cell invasion.
LYR71 suppresses MMP-9 expression and activity in RANTES-induced breast cancer cells
As LYR71 inhibits MMP-9 expression in tumor bearing mice and blocks RANTES-induced tumor migration/invasion, we examined expression and activity of MMP-9 in RANTES-induced MDA-MB-231 cells. MDA-MB-231 cells were treated with RANTES for 24 h in the presence or absence of LYR71, and the cells and conditioned media were separately harvested. Conditioned media were used to measure expression and activity of MMP-9. Western blotting showed that LYR71 inhibited RANTESinduced MMP-9 expression ( Figure 3C , upper panel). Since MMP-9 is secreted in its inactive precursor form and then activated by proteolytic processing (Freije et al., 2003) , we performed zymography using gelatin. MMP-9 activity was coincident with MMP-9 expression. Zymography showed that RANTES induced MMP-9 activity, but LYR71 significantly inhibited MMP-9 activity ( Figure 3C, middle panel) .
LYR71 suppresses RANTES-induced STAT3 phosphorylation, which directly regulates MMP-9 expression
We next examined whether LYR71 inhibits RANTESinduced STAT3 activation in order to further investigate the underlying mechanisms of LYR71 action. Cells were incubated with RANTES for 3 h in the presence or absence of LYR71 and the STAT3-phosphorylated level was measured. As shown in Figure 4A , LYR71 reduced STAT3 activation in the RANTES-induced MDA-MB-231 cells. Since MMP-9 has STAT3-binding sites on its promoter, we determined whether STAT3 directly regulates MMP-9 production. We prepared constitutively active form of STAT3 (CA STAT3)-expressing cells and dominant negative form of STAT3 (DN STAT3)-expressing cells by transient transfection. As shown in Figure 4B (upper panel), activated-STAT3 strongly upregulated MMP-9 expression and inactivated-STAT3 suppressed MMP-9 expression. MMP-9 expression by activated-STAT3 led to enhanced MMP-9 activity ( Figure 4B , zymography, middle panel). Furthermore, we examined MMP-9 transcription by RT-PCR and found that CA STAT3 enhanced MMP-9 transcription, while DN STAT3 suppressed it ( Figure 4B , lower panel), indicating that MMP-9 is required for STAT3-mediated transcription .
To affirm transcriptional regulation of MMP-9 by LYR71, RT-PCR was performed. As expected, LYR71 suppressed RANTES-induced MMP-9 transcription in MDA-MB-231 cells. As STAT3 regulates gene expression by translocating to the nucleus and binding to the specific sequence on the promoter of target genes (Jung et al., 2005; Yu et al., 2007) , we tested whether RANTES induces STAT3 recruitment into MMP-9 promoter and LYR71 does inhibit it. Besides we examined structural change of MMP-9 promoter by RANTES or LYR71, because chromatin has open structure to increase transcriptional activity. As shown in Figure 4C , RANTES induced recruitment of STAT3 and p300 into the MMP-9 promoter region and acetylation of histone H3 and H4, while LYR71 strongly suppressed the recruitment of STAT3 and p300 and deacetylated histone H3 and H4 ( Figure 4C ).
Discussion
In this study, we demonstrated that LYR71 is a novel anticancer agent acting through inhibition of STAT3 activation. LYR71 suppressed RANTESinduced STAT3 activation and in turn inhibited expression and activity of MMP-9 in breast cancer cells. Also, LYR71 inhibited the recruitment of STAT3 and p300 into the MMP-9 promoter region and led to structural changes in histone through deactylation of histone H3 and H4 in RANTESinduced MDA-MB-231 cells. Consequently, LYR71 attenuated RANTES-induced tumor migration/ invasion and suppressed tumor progression in tumor bearing mice. However, this report on the mechanism underlying the anti-tumor effects of LYR71 is limited to studies on the inhibition of STAT3. Because our studies have not showed that STAT3 disruption by LYR71 is accomplished by inhibiting upstream molecules, such as JAK or Src tyrosine kinase. Our unpublished data showed that JAK2 kinase may be a potential target in the anti-inflammatory activity of LYR71 (data not shown). Although it is thus likely that LYR71 could exert MMP-9 inhibition effects, we can speculate that this inhibitory effect on JAK2-STAT3 signal pathway was significant when cells were treated with LYR71.
To date, many studies including our previous reports, have demonstrated the role of STAT3 in the development and progression of tumors (Wei et al., 2003; Jung et al., 2005) . STAT3 is highly activated in most tumors (Page et al., 2000; Wei et al., 2003) , and acts as an oncogene through transcriptional regulation of STAT3-responsive target genes (Wei et al., 2003; Pedranzini et al., 2004) . These results imply that development of a new drug which inhibits STAT3 activation is valuable in treating cancers. In addition, many studies have focused on anticancer therapy through STAT3 inhibition (Jing and Tweardy, 2005; Leeman et al., 2006) . In this study, we also found that LYR71 suppressed tumor growth by inhibiting STAT3 activation and consequently suppressed MMP-9 production (Figure 2 and 4) . MMP-9 is overexpressed in invasive tumors and thus it may play an important role in cancer invasion through its enzymatic degradation of the extracellular matrix (Westermarck and Kahari 1999; Freije et al., 2003) . Tumor develops and progresses through tumor migration/invasion not only in its original site but also in other sites (Chen and Yates 2006; Sleeman and Cremers 2007) . Thus, drugs to block tumor migration/invasion can have a potent anticancer activity.
LYR71 is a derivative of alpha-viniferin, which is a trimer of resveratrol possessing anti-inflammation, anti-oxidant and anti-cancer activities (Aziz et al., 2005; Garvin et al., 2006; Busquets et al., 2007; Hwang et al., 2007) . Previous reports have shown that resveratrol suppresses proinflammatory mediators, such as TNF-α, IL-1β, COX-2 or iNOS, by inhibiting NF-κB or AP-1 signaling (Manna et al., 2000; Birrell et al., 2005; Kowalski et al., 2005) and that it prevents tumor progression through the inhibition of MMP-9 expression (Yu et al., 2007; Tang et al., 2008) . Alpha-viniferin also has an inhibitory effect similar to that of resveratrol in inflammation and cancer (Birrell et al., 2005; Kowalski et al., 2005) , indicating that alphaviniferin can be used as a therapeutic agent in inflammation and cancer. However, it is not easy and simple to synthesize alpha-viniferin. Thus we have synthesized over 100 kinds of derivatives of alpha-viniferin and have screened their activity. Among them, derivatives possessing the benzoxathiolone structure show a strongly inhibitory effect in inflammation and cancer. This effect might be attributed to their benzoxthiol structure because the benzoxathiol structure has an antioxidant effect (Povalishev et al., 2006) . We also found that LYR71 had an anti-inflammatory effect as well as an anticancer effect and that its anti-inflammatory effect was produced through the inhibition of NF-κB, a modulator of inflammation (data not shown).
Taken together, the results of this study may provide the possibility of LYR71 as an anticancer agent and may be worth for further studies with respect to clinical applications.
